An intracranial serpentine aneurysm (SA) is a clinically rare entity, and very few multi-case studies on SA have been published. The present study reviewed the relevant literature available on PubMed. The studied information included the formation mechanism and natural history of SA as well as its clinical manifestation, imaging characteristics, and current treatments. After reviewing the literature, we conclude that intracranial SA can be managed surgically and by endovascular embolization, but the degree of blood flow in normal brain tissue distal to the SA must be evaluated. A balloon occlusion test (BOT) or cross compression test is recommended for this evaluation. If the collateral circulation is sufficiently compensatory, direct excision or embolization can be performed. However, if the compensatory collateral circulation is poor, a bypass surgery is necessary. Satisfactory results can be achieved in the majority of SA patients after treatment. However, the size of the aneurysm may increase in some patients after endovascular treatment. Special attention should be paid to cases exhibiting a significant mass effect to avoid subsequent SA excision due to an intolerable mass effect. Satisfactory results can be achieved with careful treatment of SA.
Introduction
An intracranial serpentine aneurysm (SA) is an uncommon clinical entity, and few multi-case studies have been published. This study reviewed the relevant literature available in PubMed. The term "serpentine aneurysm" was first used by Segal and McLaurin, in 1977 , to describe a subcategory of partially thrombosed giant aneurysms [1] . The distinctive neuroimaging features of these aneurysms are large size (>25 mm) and a twisted vascular course within the aneurysm with multiple entrance and exit points. These non-endothelialized, intrathrombotic channels enable blood flow to distal branches of the artery from which the aneurysm originates, thus supplying vital areas of the brain parenchyma. SAs account for less than 0.1% of all intracranial aneurysms and 17.6% of giant aneurysms [2] . SAs are more common in adults. Our literature review located several reported cases in children, and some of these cases may have been associated with arterial developmental abnormalities [3] .
Formation mechanism of SA
The SA formation mechanism remains unclear, but several hypotheses have been proposed.
(1) SAs might be caused by the Coanda effect induced by a saccular aneurysm. In 1978, Fodstad et al. reported a case of intracavernous aneurysm. In this case, thrombi were formed in the aneurysm after ligation of the carotid artery but did not completely occlude the aneurysm. Therefore, an SA occurred 6 months later, and blood was observed to pass through the SA; this case suggested that an SA can easily develop in cases of incomplete thrombus formation and continuing blood flow in a large aneurysm [4] . This effect would primarily occur because of a decrease in blood flow, producing hemodynamic conditions suitable for the
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Coanda effect, in which hemodynamic perturbations can lead to an SA.
SAs can easily occur in the middle cerebral artery (MCA), an effect that may be related to a lower force of jet-pattern blood flow, causing the formation of a thrombus. In 2009, Christiano et al. reported that giant SAs most commonly occur in the MCA (50%), followed by the posterior cerebral artery (18%), vertebral artery or vertebrobasilar junction (15%), internal carotid artery (13%), and, less commonly, the distal anterior cerebral artery (3%). This distribution may stem from the fact that no dural or cranial surfaces limit expansion of the aneurysm in these locations; the Coanda effect can also occur easily and contribute to SA formation in these vessels [5] [6] [7] [8] .
(2) SAs might originate from fusiform aneurysms. It has been suggested that SAs evolve from fusiform aneurysms. For example, in 2012, Senbokuya et al. reported a case of distal anterior cerebral artery aneurysm that evolved into an SA after 5 months. This effect may be caused by repeated intramural bleeds in the fusiform aneurysm [9] . In 1992, Suzuki et al. reviewed the literature and found that aneurysms evolved from fusiform or simple large aneurysms to SAs in 12 of 39 cases, with these evolutions taking between 26 days and 5 years [10] . It has been hypothesized that spontaneous fusiform MCA aneurysms may develop as a result of arterial dissection with intramural hemorrhage between the intima and the media [11] . For example, in 2008, Verny et al. reported a case of an MCA dissecting aneurysm that evolved into SA in 11 years [12] . This case supports the notion that a dissection can trigger a pathological process that leads to the formation of an SA [13] .
(3) SAs can originate from dolichoectatic aneurysms. It has recently been hypothesized that continuous growth of a dolichoectatic aneurysm can lead to SA formation. For example, Vishteh et al. reported a case in 1999 of a dolichoectatic aneurysm that evolved into a giant SA during a 7-year follow-up [14] . Furthermore, if the size of a dolichoectatic aneurysm gradually enlarges due to intra-aneurysm thrombosis, SA may occur [2] .
(4) SA occurrence may be associated with abnormalities in the blood vessel wall. For example, in 1997, Bakac et al. reported a case of MCA SA. A large aneurysm developed in the region distal to the original SA 4 years after an extracranial-intracranial bypass [15] . SA is common in the MCA, and a giant aneurysm is also prone to occur in the MCA. These facts indicate that a certain structure of the MCA may relate to the formation of SA [16] . In addition, in 1988, Terada et al. reported a case of giant SA of the distal vertebral artery in a 50-year-old male with 8 years of hemodialysis and a history of hypertension and hyperlipidemia. This report suggested that the roles of hemodialysis and atherosclerosis on SA formation could not be excluded [17] . SA accompanied by AIDS has also been reported. In 2008, Mahadevan et al. reported a case of HIV infection in a child with the occurrence of a vertebral basilar artery SA [18] .
Thus, the origin of SA is complex. The key factors are that the size of the aneurysm gradually increases and that an intra-aneurysm thrombus gradually forms with active blood flow.
Natural history of SA
The natural history of SA remains unknown and unpredictable.
(1) Progressive mass effect or rupture. Because giant SAs have a 1-4 mm thick fibrous wall, they contain small vessels that are similar to the vasa vasorum of large blood vessels. Thus, giant SAs are less likely to rupture and usually present with signs of a mass effect [1, 19] . A progressive mass effect is a feature of SA. In 1981, Patel et al. reported a case of MCA SA, the size of which significantly increased over 5 years [20] . Hemorrhage may occur, and hemorrhaging from a ruptured aneurysm causes intracerebral hematoma because the SA is located in brain tissue (Figure 1 ). Therefore, subarachnoid hemorrhage (SAH) is not considered to be a common presentation of giant SAs. In 1992, Suzuki et al. reported in his review that 28% of giant SA patients initially presented with SAH [10] .
(2) Spontaneous occlusion. A small subset of SAs may spontaneously become occluded. In 2006, Sari et al. reported a case of MCA SA that exhibited acute complete occlusion of the vascular channel 13 days after the initial angiography; 3 years later, angiography showed no serpentine channel [21] . In 1995, Aletich et al. reported a case of giant MCA SA. An angiogram performed at 8 months and an MRI performed at 1 year demonstrated a persistent thrombosed aneurysm [22] . Spontaneous occlusion of an SA is considered to result from slow blood flow and thrombus formation. In addition, contrast-induced thrombosis may also be considered a possible cause of acute thrombosis [23] . SA occlusion has also been reported to result from neoangiogenesis. In 2012, McLaughlin et al. reported a case of distal MCA SA that spontaneously occluded 3 days after definite diagnosis. One month later, superselective digital subtraction angiography (DSA) revealed the presence of numerous neovessels [24] .
Therefore, the natural history of SA can manifest as a progressive mass effect, hemorrhage from rupture, and spontaneous occlusion. Of these, the development of a mass effect caused by gradual growth of the aneurysm is the most common, while spontaneous occlusion is extremely rare.
Clinical manifestations
The age of onset for SA is similar to that for intracranial aneurysms [25] . Most SA patients are male, and the peak age of occurrence is from 30 to 60 years [8, 22] . An SA can yield a variety of symptoms. In 1995, Aletich summarized the symptoms from 29 of 33 cases of giant SA in his review, finding that headache was present in 72% (21) , hemiparesis or hemiplegia in 55% (16) , visual deficits in 48% (14) , cranial nerve palsy in 31% (9) , and seizures in 21% (6) [22] . However, SAH was reported in 4%-23.5% [26] .
(1) Mass effect. Headache is the first sign of a mass effect and is the most common clinical manifestation of SA [26] . In 2012, Senboku et al. reported a case of distal anterior cerebral artery SA with headache. The SA continued growing and became larger over a 5-month period of non-intervention; a very severe headache resulted in this case [9] . Other than headache, SA mass effects more commonly manifest as neurological deficits, such as compression symptoms of the brainstem, as reported by Kalani in 2014 [27] . In addition, SA can compress the optic nerve and cause visual impairment, as reported by Krafft in 2015 in a case of SA in the sellar region [28] . The large size of SAs, their irregular shape, significant mass effect, and surrounding brain tissue edema due to compression are also similar to what is observed in a brain tumor. Therefore, an SA can be occasionally misdiagnosed as cancer [29] . In 1988, Belec et al. reported a case of posterior cerebral artery SA that was misdiagnosed as a left lateral hypothalamic tumor [30] .
(2) Stroke. SA can also present with hemorrhage or ischemia. It is not uncommon that ruptured SAs manifest as intracerebral hematomas due to their location in the brain (Figure 1 ). By contrast, SAH is not considered a common presentation of giant SAs. In 1992, a review by Suzuki et al. reported that only 28% of patients with giant SA initially presented with SAH [10] . Meanwhile, SA can also manifest as ischemia due to distal emboli, the occlusion of side branches, or direct flow impairment. The outflow from giant SAs feeds distal cortical vessels, and occlusion or narrowing of these vessels results in stroke [8] .
(3) Rare manifestations. In addition to the above-mentioned manifestations, an SA may also cause various complex symptoms according to its location. For example, in 2013, Kobylecki et al. reported personality disorders in a case of anterior cerebral artery SA, in which the aneurysm was located in the frontal lobe and involved the corpus callosum. Dementia related to the frontal and temporal lobe was also present [31] . Amnesia can also be present, as reported by Tsuang et al. in 2010. In this case, the SA was present in the MCA [32] . Some MCA SAs may cause seizures, as reported in 1994 by Horowitz et al. [33] .
Imaging examination
Intracranial SAs can include thrombi at various stages of formation that exhibit various intensities or signal characteristics on CT or MRI. Edema of the surrounding brain tissue due to compression is also present, similar to in a brain tumor. Contrast-enhanced CT or MRI scans show a so-called "target sign". Thrombi in SAs may present with a tumor-like intensity and can be an additional feature of SAs [32] .
A vascular imaging study can provide more details on SAs. For example, CT angiography (CTA) may reveal the outline of a large aneurysm, an enhanced aneurysm wall and an image of its circuitous path [31] . DSA is the gold standard for the diagnosis of SA and can clearly reveal the SA shape. However, the drawback of DSA is that the aneurysm wall is not visible [27] . The diagnostic accuracy for SA by magnetic resonance angiography (MRA) is similar to that obtained by CTA [3, 34] .
In imaging studies, it is necessary to differentiate SA from dolichoectatic aneurysm. However, dolichoectatic aneurysms are more common in the basilar artery. One difference is that thrombi are less common in dolichoectatic aneurysms, which manifest as a simple, calcified, distended vessel wall. A mass effect is also uncommon in dolichoectatic aneurysms, although ischemia is observed [35] .
Treatment
Aggressive surgical treatment is recommended in SA, given that conservative treatment often leads to continued growth of the aneurysm [10, 18] . The treatment of SA should eliminate the patent vascular channel, halt the growth of the aneurysm, and relieve the adjacent mass effect; however, because the outflow pathways supply the normal brain parenchyma, simple proximal occlusion or trapping without revascularization may have a disastrous outcome. It has been reported that the complication rate of direct surgical clipping is 30-35% [36] [37] [38] . Hence, a balloon occlusion test (BOT) or cross compression test should be used for this assessment. If compensatory collateral circulation distal to the SA is poor, a bypass surgery is required.
(1) Craniotomy
Craniotomy includes the direct resection of the SA without bypass surgery, SA resection with concomitant bypass surgery, or proximal/distal occlusion of the SA with concomitant bypass surgery. Only an isolated bypass surgery was necessary to successfully treat a case of MCA SA, as reported by Suzuki et al. in 1992 . In this case, the SA was occluded after an isolated superficial temporal artery (STA)-MCA bypass surgery. The occlusion was considered to result from hemodynamic changes in which distal blood flow caused a decrease in the intra-SA blood flow and eventual occlusion [10] . [39] .
① Direct resection. This is the most simple and practical approach and can resolve the mass effect. In 2012, Senbokuya et al. reported a case of a distal cerebral artery SA. Compensating collateral circulation of the pia mater was confirmed by BOT, and the aneurysm was directly resected [9] . Unvisualized vessels distal to the SA can, in some cases, indicate that branches from the pia mater may compensate for distal blood flow. SA can directly be resected if this is the case. In 1982, Fukamachi et al. reported a case of SA from the P2 segment of the posterior cerebral artery. The vessels distal to the SA were not visualized on angiography. The SA was separated and resected directly, and a 3-month follow-up showed a good prognosis [40] . The details of these case reviews are provided in Table 1 . [42] . After a literature review, we found that a low-flow bypass was adequate in the majority of SA cases. In 2010, Lee et al. reported a case of MCA SA in which the distal end of the SA was only attached to a branch of the MCA; a low-flow graft bypass surgery was performed, followed by aneurysm resection. A 2-year follow-up revealed a good prognosis [38] . Occasionally, medium-flow bypass surgery is required. For example, this type of bypass was used to treat an MCA SA, as described by Tsuang et al. in 2010. In this case, a bypass was made from the left superior thyroid artery to the M2 segment of the MCA, with a radial artery graft; the aneurysm was subsequently excised [32] . High-flow bypass surgery was reported by González-Darder et al. in 2011. In this case of an MCA SA, a high-flow bypass surgery from the petrous internal carotid artery to the M1 segment was performed using the great saphenous vein as a graft. The SA was subsequently excised, and a 6-month follow-up showed a favorable prognosis [43] . The details of these cases are given in Table 2 .
③ Bypass combined with occlusion of the SA distal outflow pathway: STA-MCA bypass surgery can be performed followed by clipping of the distal outflow pathway of the SA, and a favorable outcome can be achieved without SA excision. Such a procedure is used given that slowing or stopping blood flow after clipping the outflow pathway can induce the formation of thrombus within the SA.
Abiko et al. in 2009 reported a typical case of MCA SA in which an intra-SA thrombus formed within 1 hour of an STA-to-MCA anastomosis [44] . In 1994, Horowitz et al. reported a case of MCA aneurysm in which a retrograde thrombosis formed after clipping an STA-MCA anastomosis at the distal SA, which was done because of operating space limitations. An 18-month follow-up showed a good prognosis [33] . In 1995, Aletich et al. reported a case of MCA SA in which an STA-MCA anastomosis and occlusion of the outflow pathway were performed. Aneurysm thrombosis occurred, but the proximal end of the aneurysm remained patent 9 days after surgery. Thus, occlusion of the proximal aneurysm and partial resection were performed [22] . In our opinion, an SA can be completely occluded over a longer period. In 2014, Kalani et al. reported a case of SA at the distal end of the basilar artery that presented with compressive symptoms of the brainstem. The basilar artery was occluded by clipping after bypass of the superior cerebellar artery to the STA, without perforating the branches that were under the superior cerebellar artery. At the 3-year follow-up, the symptoms were resolved, and an imaging study showed a patent bypass and no evidence of an aneurysm. The 20-year follow-up confirmed this good prognosis [27] . The details of these cases are given in Table 3 .
④ Bypass combined with occlusion of the SA inflow pathway:
The occlusion of the SA inflow pathway after bypass can also achieve a good therapeutic effect. In 2006, Amin-Hanjani et al. reported a case of MCA SA in which only a proximal occlusion was performed after STA-to-MCA anastomosis to avoid damage to the MCA perforating branches. A good prognosis was reported at the 13-year follow-up [45] . Some cases are unique, e.g., when the proximal portion of the aneurysm cannot be occluded, the occlusion of the internal carotid artery can be an alternative method. In 1995, Aletich et al. reported a case of supraclinoid segment SA. In this case, an STA-to-MCA bypass was followed by occlusion of the internal carotid artery. These procedures were performed because occlusion of the proximal portion of the SA or of the inflow pathway can induce the formation of a retrograde thrombus. A satisfactory outcome was achieved at the 1-year follow-up [22] . In 2000, Anshun et al. reported 2 cases of MCA SA for which an STA-to-MCA bypass was followed by occlusion of the internal carotid artery; a favorable outcome was achieved [26] . The details of these cases are given in Table 3 .
(2) Endovascular embolization
Selected patients can be treated with endovascular approaches [46, 47] . The definite indications for endovascular embolization of SA are as follows: adequate collateral circulation as assessed by BOT. In addition, the mass effect of SA should not be severe if this procedure is to be used. This limitation arises because much time is required for SAs to gradually diminish after endovascular treatment and because acute volume increases can occur after embolization [39] .
As early as 1995, Mawad et al. used endovascular embolization to treat SAs [29] . In 2001, Otsuka et al. reported 2 cases of SA: 1 case involving the A1 segment in the terminal portion of the right internal carotid artery, and 1 case arising from the vertebral artery. The aneurysms were trapped by the placement of coils after BOT. The SAs were reduced in size, and the mass effects were eliminated after surgery; good recoveries were achieved [48] . In 2004, Zicherman reported a case of SA involving the superior cerebellar artery. Proximal occlusion was performed with coil placement after an assessment of collateral circulation. A favorable outcome was achieved at the 2-month follow-up [49] .
In addition to coil placement for SA embolization, coil placement plus glue is also a good option. Specifically, the glue can be trapped by the coils to avoid blocking perforating branches. In 1995, Aletich et al. reported a case of distal cerebral artery SA treated with coil placement and glue; a good outcome was achieved for this patient [22] . SA embolization using glue alone has also been reported. In 2004, Pany et al. reported a case of MCA SA treated with glue, and a favorable outcome was achieved [50] . However, cases treated with glue alone are rarely reported because glue can cause accidental embolization of normal vessels distal to the SA.
The majority of SA cases that require endovascular treatment also require a BOT. However, a BOT is not required, and the SA can be directly excised in certain cases. For example, SA arising from the P2 segment of the posterior cerebral artery can be occluded directly because of rich collateral circulation in this area; no neurological deficits have been reported in this context [51] . In 2002, Coley et al. reported 2 cases of SA in the P2 segment of the posterior cerebral artery. Coil placement was used to occlude the SA directly, and the postoperative course was uneventful. The size of the aneurysm was reduced, and the mass effect resolved at follow-up [52] . In 2007, Xianli et al. reported 5 cases of SAs, 3 of which were located in the P2 segment, 1 in the P1 segment, and 1 in the MCA. All of these cases were treated with direct occlusion. These cases suggested that some cases of SA can directly be occluded after a complete assessment of collateral circulation [47] . The details of these cases are given in Table 1 .
Complications
SA complications include SA-related ischemia, a worsening mass effect caused by an increasing aneurysm size after embolization, relapse, and complications due to both surgery and embolization.
(1) Ischemic complications: Ischemia of the distal cerebral tissue can be best avoided with the use of BOTs to assess the blood supply of the normal brain tissue. However, ischemic complications can occasionally occur during surgery. In 2015, Pavesi et al. reported a case of MCA SA for which coils were placed to reduce the blood flow prior to surgery. However, paralysis of the extremities and neurological sequelae occurred after resection of the aneurysm and end-to-end anastomosis of the artery [39] . These complications were considered to result from ischemia caused by damage to the perforating branches of the MCA. Therefore, some researchers advocate occluding the outflow or inflow pathway but not excising the aneurysm, to protect the perforating branches that arise from the aneurysm.
(2) Increase in aneurysm size. Size increases in SAs and worsening mass effects are primarily observed in endovascular therapy because of acute thrombosis. In 2008, Van et al. reported a group of SA cases treated with endovascular embolization. In 1 case, the SA was occluded after endovascular treatment, but a partial SA resection was performed via craniotomy 10 months later due to a worsening mass effect [53] . In addition, in 2015, Krafft et al. reported a case of SA for which coils were placed to occlude the anterior cerebral artery after cross compression experiments confirmed no ischemia. The aneurysm was completely occluded after surgery, but progressive visual impairment occurred. This impairment improved by 14 months after the surgery, at which time the size of the aneurysm had gradually reduced [12] . Therefore, high-dose corticosteroids have been advocated for use before the treatment of SAs, to reduce the mass effect related to the aneurysm and to reduce the risk of neurologic insult.
(3) Relapse of SA. SA relapse is rarely reported. In 1999, Lee et al. reported 1 case of SA in the P2 segment of the posterior cerebral artery. An SA thrombosis was noted on admission, but the SA recanalized 3 weeks later with worse clinical symptoms. A good outcome was achieved after surgical treatment [54] . In 1994, Isla et al. reported a case of MCA SA that subsided after an STA-MCA bypass and occlusion of the internal carotid artery. However, the aneurysm relapsed and regrew during a 2-year follow-up [55] . The key to SA treatment is to stop blood flow within the aneurysm, whether or not the inflow or outflow pathway or internal carotid artery is occluded. However, the risk of SA recanalization exists if the internal carotid artery is distant from the SA and other open collateral circulation. In 1994, Yoshimura et al. reported a case of SA of the carotid artery and MCA. An STA-MCA bypass and internal carotid artery occlusion were performed because of difficultly in clipping the aneurysm. The aneurysm was observed at the 5-year follow-up but relapsed 10 years after surgery, being revealed by DSA [56] . This fact re-emphasizes the importance of proximal occlusion of the SA.
Summary
Intracranial SA can be treated with surgery and endovascular embolization. However, it is necessary to assess the blood supply of normal brain tissue distal to the SA using a BOT or a cross compression test. SAs can be directly excised or embolized if the collateral circulation can sufficiently compensate. If the compensatory collateral circulation is poor, a bypass surgery is required before surgical resection or occlusion of the inflow or outflow pathway. Satisfactory outcomes can be achieved after treatment, but the size of the SA may increase after interventional treatment in some cases. Special attention should be given to cases with a significant mass effect in order to avoid the need for subsequent SA excision due to an intolerable mass effect.
